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ABSTRACT Despite the numerous drawbacks, 3'-azido-3'-deoxythymidine (AZT, Zidovudine, Retrovir) remains 
one of the key drugs used in the treatment and prevention of HIV infection in both monotherapy and HAART. 
A strategy in searching for new effective and safe AZT agents among latent (depot) forms of AZT has yielded its 
first positive results. In particular, the sodium salt of AZT 5'-H-phosphonate (Nikavir, phosphazide) has demon- 
strated clinical advantages over parent AZT: first and foremost, lower toxicity and better tolerability. It can be 
effectively used for the prevention of vertical transmission from mothers to babies and as an alternative drug 
for HIV-infected patients with low tolerance to Zidovudine. Preclinical studies of another phosphonate, AZT 
5'-aminocarbonylphosphonate, have demonstrated that it releases AZT when taken orally. Pharmacokinetic 
studies have shown a prolonged action potential. Based on the analysis of both toxicological and pharmacological 
data, AZT 5'-aminocarbonylphosphonate has been recommended for clinical trials. 
KEYWORDS anti-HIV therapy; AZT 5'-phosphonates; depot forms; Nikavir; preclinical trials. 
ABBREVIATIONS HIV RT - human immunodeficiency virus reverse transcriptase; AZT - 3'-azido-3'-deoxythy- 
midine; 3TC - (-)-P-L-2',3'-dideoxy-3'-tiacytidine; L-FTC - (-)-P-L-2',3'-dideoxy-3'-thia-5-fluoro-cytidine; 
HAART - high active antiretroviral therapy; LD 50 - mean lethal dose; AUC — area under the concentration-time 
curve; MRT - mean residence time; CL - total clearance; V ss — steady state volume of distribution; F - bioavail- 
ability. 



INTRODUCTION 

In the last quarter of the 20 th century, AIDS morphed 
into one of the main threats to human health. The 
protracted efforts of researchers yielded a number of 
agents with anti-HIV activity which can be subdivided 
into several groups: 1) nucleoside and nonnucleoside re- 
verse-transcriptase inhibitors of HIV (HIV RT); 2) pro- 
tease inhibitors; 3) integrase inhibitors; and 4) inhibitors 
of virus binding and penetration into cells. Nucleoside 
reverse transcriptase inhibitors (NRTI) are the most 
numerous group of anti-HIV agents used in clinical 
practice; the most commonly known members include 
3'-azido-3'-deoxythymidine (AZT, Zidovudine, Retro- 
vir), (-)-P-L-2',3'-dideoxy-3'-thiacytidine (3TC, Lami- 
vudine), (-)-P-L-2',3'-dideoxy-3'-thia-5-fluorocytidine 
(L-FTC, Emricitabine), 2',3'-dideoxyinosine (ddl, Dida- 
nosine), etc. [1]. The mechanism of action of these inhib- 
itors includes intracellular triphosphorylation, followed 
by specific blocking of viral DNA synthesis catalyzed 
by HIV RT. However, all NRTIs have a number of seri- 
ous drawbacks. Due to their pharmacokinetic proper- 



ties and the low efficiency of intracellular conversions 
(e.g., as little as 0.3% of AZT is converted into the corre- 
sponding triphosphate in cells), high doses of the drug 
are needed, which in turn causes increasing toxicity. 
Furthermore, the high variability of the virus results in 
the rapid development of viral resistance [2, 3], which 
also narrows the range of therapy outcomes. 

Among the clinical circumstances of AZT toxicity 
there are numerous hematological effects, suppression 
of bone marrow cell functions, liver disorders, myopa- 
thies, etc. [4, 5]. Mitochondrial toxicity of AZT causes 
hyperlactatemia and lipodystrophy in patients with 
AIDS [6, 7]. Since AZT is eliminated rather fast, this 
drug needs to be administered three times a day. After 
long-term therapy, AZT loses its efficiency with the 
development of viral resistance to it [8, 9]. Neverthe- 
less, despite all the adverse effects, AZT remains the 
most widely used drug. 

The currently used regimens of combined drug ther- 
apy (highly active antiretroviral therapy, HAART) al- 
low one to control HIV replication to a more significant 



54 | ACTA NATURAE | VOL.5 3 (18) 2013 



REVIEWS 



extent, as compared to the drugs taken individually; 
however, they also require novel components that can 
be efficient and nontoxic. 

One of the ways to enhance the efficacy of an anti- 
viral drug is to synthesize its depot (latent) form; i.e., 
such a derivative that would release the active sub- 
stance when undergoing chemical or enzymatic con- 
version in the organism [10]. Designing depot forms is a 
good means to reducing NRTI toxicity both by improv- 
ing the pharmacokinetic parameters and by decreas- 
ing their affinity to mitochondrial transport proteins. 
This approach has been used in many laboratories in 
the search for novel anti-HIV agents. The following 
drugs illustrate the successful application of the depot 
forms of NRTI in practical medicine: Viread® (tenofovir 
disoproxil fumarate) and Nikavir® (sodium salt of AZT 
5'-H-phosphonate, phosphazide) [11, 12]. 

NIKAVIR (PHOSPHAZIDE), THE FIRST ACHIEVEMENT 
IN DESIGNING DEPOT FORMS OF AZT 

Nikavir was licensed in the Russian Federation in 1999 
as an agent to be used for therapy in patients with 
AIDS and for the prevention of HIV infection [13 _ 15]. 
Nikavir was designed as a result of lengthy studies de- 
voted to the synthesis and investigation of antiviral 
agents headed by A.A. Kraevsky at the Engelhardt In- 
stitute of Molecular Biology, Russian Academy of Sci- 
ences [16, 17]: 




AZT 5'-H-phosphonate was synthesized in 1989 and 
tested on cell cultures infected with HIV-1 [16]; how- 
ever, there was a significant discrepancy between the 
data obtained from the experiments conducted at dif- 
ferent laboratories. It was initially reported that phosp- 
hazide 1 exhibited moderate anti-HIV activity and low- 
er toxicity in a MT-4 cell culture as compared to AZT 
[18, 19]. Its selectivity index was higher than that of 
AZT. However, when phosphazide was later tested on 
three different cell lines (MT-4, CEM-SS and CEM-X 
174), its activity was found to be lower than that of 
AZT by almost an order of magnitude [20]. It was re- 
ported in another paper [21] that the anti-HIV activity 
of compound 1 in the cell cultures C8 and JM was 10-20 
times higher vs. that of AZT. Contrariwise, according to 
[22], the selectivity indices of H-phosphonate 1 were 1.5 
and 15 times higher than those of AZT (IIIB and HXB2 



strains of HIV in blood mononuclear cells were used). 
Despite these discrepant and disputable data, the re- 
search into phosphazide was continued, which made it 
possible to reveal its superiority over AZT in laboratory 
animal experiments [23]. 

Pharmacokinetic studies of phosphazide have shown 
the main difference from AZT: the pharmacokinetic 
profile of AZT after oral administration of phosphaz- 
ide was considerably smoother as compared to the 
case when AZT was administered alone (C and t 

v max max 

- 0.13 mg/1 and 2-2.5 h, respectively, vs. 1.2 mg/1 and 
0.5-0.8 h for AZT). A lower peak concentration of AZT, 
which was observed after the administration of phos- 
phazide, did not reduce antiviral efficacy but could fa- 
cilitate a decrease in toxicity. This difference was used 
in clinical practice: a stable positive therapeutic effect 
(reduction of viral stress, immunorestoration, and a de- 
crease in the risk of developing concomitant diseases) 
was observed. Phosphazide is well tolerated in both 
adults and children. No adverse effects that are typical- 
ly observed in patients taking AZT (such as vomiting, 
nausea, headache, diarrhea, myalgia, anemia, throm- 
bocytopenia, and neutrocytopenia) have been detected 
during phosphazide therapy [17]. 

A significant therapeutic efficacy and the safety of 
phosphazide were observed in HIV-infected patients 
receiving HAART. Various combinations of Nikavir 
with Didanozine and Nevirapine [24], with Didanozine 
and Ritonavir /Saquinavir [25], with Lamivudine and 
Efavirenz or a protease inhibitor (Atazanavir or Lopi- 
navir/Ritonavir) [26], etc. have shown good results. 
These HAART regimens have demonstrated higher 
efficacy in patients with concomitant diseases (ane- 
mias, chronic hepatitis B and C [27], hepatic cirrhosis, 
and tuberculosis [28]) as compared to regimens com- 
prising Retrovir or Combivir. The essential advantage 
of Nikavir is that it is safe for patients with tubercu- 
losis and liver pathologies of viral etiology, since most 
HIV-infected patients suffer from these opportunistic 
infections [27, 28]. 

Another clinical application of phosphazide is the 
chemoprophylaxis of mother-to-child transmission of 
HIV during pregnancy, peri- and postnatal periods. 
Phosphazide does not affect the course of the preg- 
nancy in HIV-infected women, fetal maturity or vi- 
ability. AZT from phosphazide is capable of efficiently 
penetrating the placenta; thus, equal AZT concentra- 
tions are maintained in the mother's umbilical cord and 
blood. The use of Nikavir during a pregnancy (com- 
bined with Retrovir or Nevirapine during childbirth 
and the postnatal period) efficiently prevents vertical 
transmission of HIV [29, 30]. In some cases, Retrovir can 
be substituted by Nikavir because of a low hemoglobin 
level in the blood of a pregnant woman. The agent is 
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well-tolerated; the hematologic indices have been re- 
stored in all such cases. 

Thus, low toxicity and good tolerance of phosphazide 
make it a promising component for various examples of 
HAART. It can be efficiently used to prevent mother- 
to-child transmission of HIV, to treat HIV infection (in 
particular, in patients with concomitant chronic viral 
hepatitis), and to prevent healthcare- worker infections. 
It is no coincidence that phosphazide has been recom- 
mended as a component of the preferred regimens of 
first-line antiretroviral therapy in the current edition 
of the Protocols on Treatment of and Care for People 
with HIV [31]. 

5 -AMINOCARBONYL PHOSPHONATES AS A TREND 
IN SEARCHING FOR NEW DEPOT FORMS OF AZT 

Following the efforts focused on designing phospho- 
nate depot forms of AZT, various types of compounds 
have been studied [32-37]. The class of AZT 5'-ami- 
nocarbonyl phosphonates substituted at the NH-frag- 
ment by various functional groups (C 6 H 13 , HOCH 2 CH 2 , 
H 2 NCH 2 CH 2 , Me 2 NCH 2 CH 2 , Me 3 N + CH 2 CH 2 , Me, H, C 4 Hg> 
PhCH 2 CH 2 ) has turned out to have the highest poten- 
tial [38-40]. 



o o 

II II 




Antiviral experiments in HIV-infected MT-4 cells 
have demonstrated that AZT 5'-aminocarbonyl phos- 
phonates inhibit viral replication with an efficiency an 
order of magnitude lower than that of AZT. Meanwhile, 
their toxicity (except for the methylamide derivative) 
is considerably lower than that of AZT. All the synthe- 
sized phosphonates have turned out to be stable in bio- 
logical fluids (human blood serum, canine whole blood). 
The preliminary evaluation of the pharmacokinetic pa- 
rameters after oral administration of AZT 5'-aminocar- 
bonyl phosphonates in dogs has demonstrated that all 
the compounds can be metabolized to AZT. The shapes 
of the curves of concentration of the released AZT in 
blood plasma vs. time have been similar in all amides 
under study. The peak concentrations (C ) of AZT for 

" 1 v max' 

phosphonates carrying C 6 H 13 , C 4 H g , PhCH 2 CH 2 moieties 
at the NH-fragment, as well as that of nonsubstitut- 
ed amide 2, are 2.0, 0.8, 0.9, and 3.7 mg/1, respectively. 
Thus, AZT 5'-aminocarbonyl phosphate 2 is the most 
efficient AZT donor within this group. This compound 
has been studied more thoroughly. 



AZT 5 -AMINOCARBONYL PHOSPHONATE 

Cell culture experiments 

The investigation of the antiviral activity of AZT 
5'-aminocarbonyl phosphonate 2 on a human lymphob- 
lastoid cell line MT-4 has shown that its antiviral activ- 
ity is inferior to that of AZT by about an order of mag- 
nitude and 3-4.5 times lower than that of phosphazide. 
However, its toxicity is considerably lower (by 34-50 
and 12.5-15 times, respectively). Therefore, phospho- 
nate 2 is characterized by a higher selectivity index 
than AZT and phosphazide [38-40]. 

The efficiency of penetration of phosphonate 2 into 
cells is 10-100 times lower than that of AZT and ap- 
proximately 6 times lower than that of phosphazide 
[23, 39]. This fact gives grounds to hypothesize that the 
decrease in anti-HIV activity and toxicity in a MT-4 
cell culture as compared to the same indicators for AZT 
and phosphazide is associated with a decrease in the ef- 
ficiency of its penetration into cells; i.e., there is a direct 
relationship between the penetration of phosphonate 
2, phosphazide, and AZT into cultured cells and the 
antiviral properties of these compounds. It should be 
mentioned that both depot forms are appreciably sta- 
ble in cell culture experiments, while being efficiently 
converted into AZT in the organism [39]. 

Stability studies 

The stability of phosphonate 2 in 100% human blood 
serum has turned out to be comparable to that of phos- 
phazide: the half -life of both compounds is over 6 h [39]. 
Meanwhile, phosphonate 2 is characterized by a consid- 
erably higher stability in canine whole blood at 37°C as 
compared to phosphazide (T 1/2 > 24 h vs. 3 h). 

PHARMACOKINETIC PARAMETERS AFTER 
SINGLE-DOSE ADMINISTRATION [41] 

Outbred dogs (average weight 22 ± 3.4 kg) 

It has been ascertained during a pharmacokinetic study 
of drug 2 (capsules JYq 2; 250, 500 and 1000 mg or 10, 20 
and 40 mg/kg) that most of it is metabolized into phar- 
macologically active AZT. Table 1 lists the pharmacoki- 
netic parameters of AZT released after a single-dose 
oral administration of phosphonate 2 in dogs. 

It was shown by comparing phosphonate 2 with AZT 
and phosphazide (Table 2) that the peak AZT concen- 
tration in plasma during the administration of phospho- 
nate 2 is lower, while the accumulation of AZT and the 
clearance time are longer. The pharmacokinetic param- 
eters of AZT formed from phosphonate 2 were close to 
those of phosphazide (C being 2.5 times lower; AUC 
being twice as low, but t max and other parameters being 
higher). The maximum concentration of AZT after oral 
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Table 1 . Pharmacokinetic parameters of 5'-aminocarbonyl phosphonate 2 and its major metabolite AZT after a single- 
dose oral administration of capsules of 5'-aminocarbonyl phosphonate 2 to dogs at doses of 10, 20, and 40 mg/kg 
body weight 



Dose of 
compound 2, 
mg 


Tested 
compound 


Pharmacokinetic parameters 


c , 

max' 

mg/1 


t , 

max' 

h 


AUC, 
mg h/1 


h 


MRT, 
h 


C /AUC, 

max' 

1/h 


10 


2 


0.31 + 0.09 


1.5 ± 0.25 


0.47 ± 0.15 


0.62 ± 0.1 


2.43 ± 0.04 


0.662 ±0.066 


AZT 


0.36 ± 0.24 


4.7 ± 1.0 


2.87 ± 1.56 


4.57 ± 1.46 


8.90 ± 5.34 


0.119 ± 0.033 


20 


2 


0.51 ±0.18 


1.6 ± 0.2 


0.98 ± 0.44 


0.81 ± 0.2 


2.65 ± 0.16 


0.561 ± 0.122 


AZT 


0.69 ± 0.49 


5.0 ± 1.7 


6.0 ± 3.3 


9.7 ± 4.3 


12.0 ± 2.6 


0.107 ± 0.023 


40 


2 


0.51 ±0.26 


1.75 ± 0.27 


1.25 ±0.86 


0.59 ± 0.2 


2.87 ± 0.49 


0.478 ± 0.117 


AZT 


0.98 ± 0.56 


6.0 ± 1.3 


10.4 ± 6.1 


7.0 ± 2.5 


12.2 ± 1.4 


0.100 ±0.016 



Note. Here and in Tables 2, 3: AUC, — area under the concentration-time curve; MRT - mean residence time; t - 

t max 

time needed to achieve the maximum concentration; C - maximum concentration of substance; t, , — half-life period. 

' max r 1/2 ~ 



Table 2. Comparison of the pharmacokinetic parameters of AZT after a single-dose oral administration of AZT 5'-aminoc- 
arbonyl phosphonate 2 , phosphazide 1 , or AZT to dogs at doses equivalent to 20 mg of AZT/kg body weight 



Compound 


c , 

max' 

mg/1 


t , 

max' 

h 


AUC, 
mg h/1 


V 


MRT, 
h 


CL, 
1/h 


2 


0.74 ± 0.03 


5 


9.2 ± 0.2 


9.6 ± 0.2 


13.9 ± 0.2 


27 ± 2.6 


1 


1.89±0.07 


4 


16.6 ± 0.3 


7.2 ± 0.3 


10.4 ± 0.5 


15 ±0.7 


AZT 


9.77 ± 0.3 


2.5 


58.8 ± 1.1 


5.2 ± 0.5 


7.5 ± 0.4 


4.2 ± 0.3 



administration of phosphonate 2 was attained after 4 
h, which is twice as long as that after administration of 
AZT and 1 h longer than for phosphazide {Table 2). 

It is noteworthy that the t and t max AZT values in 
dogs increases in the following order: AZT < phosphaz- 
ide < AZT 5'-aminocarbonyl phosphonate, which gives 
grounds for regarding AZT 5'-aminocarbonyl phospho- 
nate 2 as a depot form of AZT with a long-term effect. 

No AZT has been detected in the blood plasma of 
dogs after intravenous administration of phospho- 
nate 2 at a dose of 50 mg (2-5 mg/kg body weight). 
The pharmacokinetic parameters of 2 were as fol- 
lows: AUC t = 2.19 mg-h/1, t 1/2 = 0.35 h, MRT = 0.74 h, 
CL = 16.8 1/h, V s = 12.4 1. 

The bioavailability of 5'-aminocarbonyl phospho- 
nate 2 administered orally at specified doses was 4.7%, 
while the bioavailability of AZT after 2 had been ad- 
ministered orally was 8%, which is twice as low as that of 
phosphazide. The bioavailability of AZT during oral ad- 
ministration of this drug was six-fold higher than that in 
the case of phosphonate 2. However, the high AUC value 
during the administration of AZT is associated with the 
excessive peak concentration in plasma, which decreases 



at a very fast rate. This causes toxicity and rapid emer- 
gence of drug-resistant viral strains. In turn, when ad- 
ministering phosphonate 2, the difference between the 
maximum and minimum blood concentrations of AZT is 
significantly less pronounced, and this may reduce toxic- 
ity and inhibit the emergence of resistance. 

Chinchilla rabbits (average weight 3 ± 0.4 kg) [41] 

Studies of the pharmacokinetics of phosphonate 2 (its 
aqueous solution was intragastrically administrated to 
rabbits) have also supported the assumption that it is a 
depot form of AZT. AZT has not been detected in the 
peripheral blood of rabbits (as well as dogs) that had re- 
ceived phosphonate 2 intravenously. The original phos- 
phonate 2 was the only product detected [17]. This fact 
confirms the hypothesis that AZT is formed as a result 
of the absorption of the original compound [17]. 

A comparison of the pharmacokinetic parameters 
of AZT and phosphonate 2 after a single-dose oral in- 
troduction of phosphonate 2 in rabbits at doses of 7, 70, 
and 200 mg/kg of body weight has demonstrated that 
AZT is present in the blood in all the cases. The shape of 
the concentration-time curves and the ratio between 
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Table 3. Comparison of the pharmacokinetic parameters of AZT after a single-dose oral administration of AZT 5'-aminoc- 
arbonyl phosphonate 2, phosphazide 1 , or AZT in rabbits at doses equivalent to 200 mg of AZT/kg body weight 



Compound 


c , 

max' 

mg/1 


t , 

max' 

h 


AUC, 
mg h/1 


V2' 

h 


MRT, 
h 


CL, 
1/h 


2 


3.75 ± 0.01 


3.5 


25.12 ± 1.08 


3.66 ± 0.74 


4.72 ± 0.08 


44.22 ± 1.95 


1 


7.38 ± 3.08 


2.0 


22.99 ± 10.17 


1.42 ± 0.12 


3.02 ± 0.12 


54.95 ± 22.85 


AZT 


39.64 ± 4.24 


1.0 


88.5 ± 25.5 


2.13 ± 0.71 


2.10 ± 0.30 


9.40 ± 2.70 



AZT and the original 2 remains virtually unchanged as 
the dose is altered [39]. 

The results of a comparison of the pharmacokinetic 
properties of AZT after oral administration of single 
doses of AZT, phosphazide 1 or phosphonate 2 to rab- 
bits are listed in Table 3. It should be mentioned that 
the shape of the dependence on the concentration 
of AZT released from phosphonate 2 was consider- 
ably smoother; the C values of AZT released from 

" max 

phosphazide 1 or phosphonate 2 differs only twofold, 
while the AUC values of both phosphonates are rather 
close. 

Wistar rats and BALB/c mice 

No original phosphonate 2 was detected in the blood 
plasma after it was taken orally by rats (body weight 
200 ± 7 g) at a dose of 20 mg/kg. Only its metabo- 
lite AZT (characterized by the following phar- 
macokinetic parameters: AUC 0 t = 2.27 mg-h/1, 
MRT = 6.54 h,t = 4 h, C = 0.4~mg/l, t, „ = 2.45 h 

' max ' max ° ' ' 1/2 

and C /AUC, = 0.176 hf 1 ) was detectable. 

max' t ' 

Contrariwise, when phosphonate 2 at a dose of 
20 mg/kg was introduced intraperitoneally into rats 
(body weight 250 ± 10 g), phosphonate 2 was the 
main compound detected, with trace amounts of its 
metabolite AZT. The pharmacokinetic parameters of 
phosphonate 2 were as follows: AUC 0 _ t = 8.02 mg-h/1, 
MRT = 0.82 h, CL = 0.45 1/h, t,„ = 0.42 h, and 
V ss = 0.37 1. It is noteworthy that not only the original 
phosphonate 2, but also 3.5% AZT were detected in the 
blood after phosphonate 2 was administered intraperi- 
toneally to mice at a dose of 6 g/kg of body weight. 

Thus, AZT 5'-aminocarbonyl phosphonate 2 releas- 
es AZT after being administered via different routes 
(orally, intragastrically or intraperitoneally) to exper- 
imental animals (mice, rats, rabbits and dogs) over a 
wide range of doses (7-6000 mg/kg of body weight) 
[17]. The pharmacokinetic parameters of phosphonate 2 
and the AZT released from it in the blood plasma differ 
for different animal species. These differences can be 
attributed to the metabolic features of different ani- 
mals and/or the route of drug administration. 



The linear dependence of the pharmacokinetics of 
phosphonate 2 with respect to its major metabolite AZT 
allows one to extrapolate the animal dose to a human dose. 
Thus, it can be expected for a single-dose oral administra- 
tion of 600 mg of phosphonate 2 that the AZT concentra- 
tion in human blood plasma will be 100-115 ng/ml, with 
an appreciably gentle slope of the pharmacokinetic curve, 
which is considerably higher than the minimum AZT 
concentration achieved during regular (200 mg three 
times a day) oral administration of Zidovudine [42]. 

PHARMACOKINETIC PARAMETERS DURING 
MULTIPLE-DOSE ADMINISTRATION OF AZT 
5 -AMINOCARBONYL PHOSPHONATE [41] 

The results of multiple-dose administration of AZT 
5'-aminocarbonyl phosphonate show great promise as 
well. 

Experiments on rabbits have shown a gradual ac- 
cumulation of phosphonate 2 in blood after a course of 
oral administration (solution - 1 g in 4~5 ml of water; 
administered after 6 and 18 h during 5 days) {Fig.). Fur- 
thermore, after the last dose had been administered 
(96 h after the onset of the experiment), AZT could be 
detected in human blood for 66 h (up to 162 h after the 
onset of the experiment). 

Dogs (average weight 10.2 ± 1 kg) received com- 
pound 2 orally (600 mg on an empty stomach for 7 days, 
24 h intervals). AZT was detected in plasma during the 
entire interval between the administrations of phos- 
phonate 2. The identical C„(0.17 ± 0.07 mg/1) and C mm 
(0.17 ± 0.07 mg/1) values on day 7 of administration in- 
dicate that the steady state was attained. The quasi- 
stationary concentration was 0.96 mg/1. The plasma 
levels of AZT at the steady state (2.82 ± 0.26) were 
characterized by an admissible fluctuation. 

On day 7 of oral administration of phosphonate 2 
capsules, AZT accumulation in the dog's organism was 
observed, manifesting itself in an increase in the AUC 
value (by 1.3 times as compared to day 1 of administra- 
tion) and C min (by 1.7 times as compared to day 1), as 
well as in t (from 2.7 to 4 h) and in C (from 2.45 to 

max x ' max v 

2.75 mg/1 blood plasma). 
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DISTRIBUTION IN TISSUES [41] 

The investigation of the tissue availability of novel 
drugs is an important stage in pharmacokinetic studies. 
Through distribution processes, a drug is delivered to 
its zone of action, where the drug interacts with struc- 
tures that determine its effect. Measuring the tissue 
availability value allows one to quantitatively assess 
the intensity of the penetration of an active substance 
into peripheral tissues and the target organ. 

The distribution of AZT, the metabolite of phospho- 
nate 2, was studied in organs and tissues that differed in 
terms of blood supply, in the organs ensuring its elimi- 
nation, and in the organ that is a potential action zone: 
strongly vascularized (liver, kidneys, spleen, lungs), 
moderately vascularized (skeletal muscles), and poorly 
vascularized (mesentery) tissues. AZT was detected in 
all these organs and tissues; its distribution over the or- 
gans was characterized by significant heterogeneity. The 
threshold of quantitative determination was 10 ng/ml. 
AZT could be detected in the blood plasma and organs of 
rats 12 h after a single-dose oral administration of phos- 
phonate 2 at a dose of 100 mg/kg of body weight. Tissue 
availability of AZT in strongly vascularized organs (liver, 
spleen, lungs, and kidneys) was considerably higher than 
that in skeletal muscles and mesentery. 

The AZT concentration generally decreased in a 
monophasic manner. The half-life period of the drug 
after oral administration was 3.9 h (blood plasma). 

After a single-dose oral introduction of phosphonate 
2 at a dose of 200 mg/kg, the original substance could 
not be detected in daily urine and feces, which can be 
attributed to intense biotransformation of the drug at 
the absorption stage. Only the major metabolite AZT 
was detected; it is eliminated as an insignificant per- 
centage (4.11 and 0.04%, respectively) of the introduced 
dose of the drug. 



TOXICITY [41] 

The results of toxicity studies conducted in mice have 
supported the assumption that slow accumulation in 
the blood and slower elimination of AZT released from 
phosphonate 2 as compared to AZT administered di- 
rectly and released after the introduction of phosphaz- 
ide can decrease toxicity. Indeed, phosphonate 2 is a 
low-toxicity compound, which has been confirmed by 
data obtained in experiments measuring acute toxicity 
(BALB/c mice and Wistar rats) and in chronic experi- 
ments (Wistar rats, breedless dogs). A single-dose ad- 
ministration of this substance to mice and rats at tested 
toxic doses (2000-50000 mg/kg) was accompanied by 
short-term agitation in animals replaced by distress, 
inertness and adynamia. The mean lethal dose (LD 50 ) of 
phosphonate 2 during intraperitoneal administration 
to mice was a 5 g/kg, against 1.5 and 2.3 g/kg for AZT 
and phosphazide, respectively. LD 5Q for a single-dose 
intragastric administration of the substance to rats was 
higher than 40 g/kg. 

The toxicity of phosphonate 2 was studied under 
chronic experimental conditions in rats that had intra- 
gastrically received this substance at doses of 133 and 
266 mg/kg daily for 3 months. The tested drug doses 
were 10- and 20-fold higher than the human daily dos- 
age (13.3 mg/kg body weight). It turned out that com- 
pound 2 at tested doses was well-tolerated by animals 
and had no effect on the functional state of the main 
organs and systems of the organism (according to the 
results of biochemical tests) or hematological indicators. 
The absence of toxic lesions in internal organs and local 
irritating effects was confirmed in a pathomorphological 
study conducted after the conclusion of the experiment. 

The toxicity of phosphonate 2 in the form of capsules 
for oral administration, 200 mg, was assessed in dogs 
which intragastrically received the compound at a dose 
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of 166 mg/kg (the 12.5-fold maximum recommended 
therapeutic dose for humans) daily for 4 weeks. It was 
found to be well-tolerated by the animals and to af- 
fect neither the functional state of the internal organs 
nor their hematological parameters (according to the 
data of biochemical tests). The absence of toxic lesions 
in internal organs and local irritating effects of phos- 
phonate 2 in this pharmaceutical form after multiple- 
dose intragastric administration to dogs was confirmed 
through pathomorphological studies. 

In order to assess the mutagenic properties of phos- 
phonate 2, its ability to cause gene mutations in indi- 
cator strains of Salmonella typhimurium (Ames test), 
to cause chromosomal aberrations in the bone marrow 
cells of hybrid mice Fl(CBAxC57B16), and to affect the 
number of dominant lethal mutations in mouse embry- 
onic cells has been studied. It has been demonstrated 
that phosphonate 2 at concentrations of up to 1 mg/dish 
does not increase the number of revertants in the Ames 
test in any statistically significant way. 

When administered at doses 50-fold higher than the 
maximum recommended therapeutic dose for humans, 
phosphonate 2 exhibited no mutagenicity in in vivo 
tests: it neither caused an increase in the number of 
chromosomal aberrations in mouse bone marrow cells 
nor affected the number of dominant lethal mutations 
in mouse embryonic cells. 

When intragastrically administered at a dose of 133 
mg/kg (10-fold maximum recommended therapeu- 
tic dose for humans) daily to Wistar rats (for 10 and 2 
weeks to males and females, respectively), no effects of 
compound 2 on the animal reproduction function was 
detected. 

When intragastrically administered at a dose of 
133 mg/kg daily to pregnant female rats on days 
1-19 of gestation, phosphonate 2 had no effects on the 
weight gain in pregnant rats, gestation duration, the 
number of corpus luteum, sites of embryo attachment, 
embryonic body weight, their craniocaudal dimension, 
indicators of pre- and post-implantation fetal death, 
or postnatal development of rat pups. Administration 
of compound 2 caused neither malformations nor de- 
velopmental disorders in embryos; in other words, it 
exhibits neither embryotoxic nor teratogenic effects. 

The allergic properties of phosphonate 2 have been 
studied in guinea pigs. Phosphonate 2 was found 
to cause no anaphylactic shock when administered 
as a five-dose series at sensibilizing doses (133 and 
266 mg/kg), followed by intragastric administration of 
an anaphylaxis-provoking dose (266 mg/kg) on days 14 
and 21 after the sensibilization. At the doses and sen- 
sibilization schemes tested, the agent had no allergic 
effect in a type III hypersensitivity reaction on guinea 



pigs. Moreover, phosphonate 2 was shown not to affect 
the popliteal lymph node reaction in mice. 

When administered at doses of 166 and 332 mg/kg 
(12.5- and 25-fold maximum recommended therapeu- 
tic doses for humans), phosphonate 2 affects neither the 
number of nuclear cells in spleen nor the hypersensitivi- 
ty of the decelerated type reaction in mice. When admin- 
istered at the highest of the doses tested (332 mg/kg), 
phosphonate 2 reduced the primary immune response 
to a certain extent in Fl(CBAxC57BI6) mice. 

Thus, AZT 5'-aminocarbonyl phosphonate 2 has 
been proved to be considerably less toxic as compared 
to the certified drugs Retrovir and Nikavir, to exhibit 
neither mutagenic nor allergic properties, to have no 
immunotoxicity, embryotoxicity or teratogenicity, and 
to have no effect on the reproductive functions of ani- 
mals. 

CONCLUSIONS 

The efforts of numerous researchers have resulted in 
the synthesis of over 100 novel potential depot forms 
based on a 5'-phosphonate modification of AZT; their 
anti-HIV activities have been tested. Nikavir® is the 
first AZT 5'-phosphonate that has been used as an 
anti-HIV drug. Preclinical studies of another phospho- 
nate, AZT 5'-aminocarbonyl phosphonate, were com- 
pleted recently, yielding rather encouraging results. 
Pharmacokinetic studies conducted on animals have 
demonstrated that when administered, phosphonate 2 
is converted into AZT to a significant degree. The phar- 
macokinetic parameters of AZT attest to a long-term 
pharmacological effect. 

An analysis of the combination of preclinical toxico- 
logical and pharmacological data gives grounds for rec- 
ommending phosphonate 2 for further clinical studies. 
The pharmacokinetic properties of this compound will 
presumably enable the administration of a drug based 
on it once a day, as opposed to Zidovudine, which is to 
be administered 2-3 times a day. Due to its lower toxic- 
ity, phosphonate 2 can be used not only to prevent ver- 
tical HIV transmission, but also in children and HIV- 
infected patients with liver pathologies. 

Thus, AZT 5'-aminocarbonyl phosphonate 2 has an 
outstanding potential as an alternative to AZT and de- 
serves further study. • 

The authors are grateful to M.K. Kukhanova and 
S.N. Kochetkov for fruitful discussions and assistance 

obtained in this work. 
This work was supported by the Russian Foundation 
for Basic Research (grant JVs 12-04-00581) and the 
RAS Presidium Program "Molecular and Cellular 
Biology". 



60 | ACTA NATURAE | VOL. 5 JY°3(18) 2013 



REVIEWS 



REFERENCES 

1. De Clercq E. // Biochim. Biophys. Acta. 2002. V. 1587. P. 258~275. 

2. Groschel B., Cinatl J.H., Cinatl J. Jr. // Intervirology. 1997. 
V. 40. P. 400-407. 

3. Antonelli G., Turriziani O., Verri A., Narcisco P., Ferri F., 
D'Offizi G, Dianzani F.// AIDS Res. Hum. Retrovir.1996. 
V. 12. P. 223-228. 

4. Chariot P., Drogou I., De Lacroix-Szmania I., Eliezer- 
Vanerot M.C., Chazaud B., Lombes A., Schaeffer A., Zafrani 
E.S. // J. Hepatol. 1999. V. 30. P. 156-160. 

5. Gelmon K, Montaner J.S.G., Fanning M., Smith J. R. M., Fa- 
lutz J., Tsoukas C, Gill J., Wells G., O'Shaughnessy M., Wain- 
berg M., and Ruedy J. // AIDS. 1989. V. 3. JYq 9. P. 555-561. 

6. Pan-Zhou X.-R., Cui L., Zhou X.-J., Sommadossi J.-P, 
Darley-Usmar V.M. // Antimicrob. Agents Chemother. 
2000. V. 44. P. 496-503. 

7. Chiao S.K., Romero D.L., Johnson D.E. // Curr. Opin. Drug 
Discov. Devc. 2009. V. 12. JYqI. P. 53-60. 

8. Kellam P., Boucher C.A., Larder B.A. // Proc. Natl. Acad. 
Sci. USA. 1992. V. 89. P. 1934-1938. 

9. Ren J., Esnouf R.M., Hopkins A.L., Jones E.Y., Kirby I., Keel- 
ing J., Ross C.K., Larder B.A., Stuart D.I. and Stammers D.K. 
// Proc. Natl. Acad. Sci. USA. 1998. V. 95. P. 9518-9523. 

10. Stanczak A., Ferra A. // Pharmacol. Rept. 2006. V. 58. 
JYq 5. P. 599-613. 

11. Beaumont K., Webster R., Gardner I., Dack K. // Curr. 
Drug Metab. 2003. V. 4. JYq6. P. 461-485. 

12. Calogeropoulou T., Detsi A., Lekkas E., Koufaki M. // 
Curr. Top. Med. Chem. 2003. V. 3. JYq 13. P. 1467-1495. 

13. Khorlin A.A., Tarusova N.B., Dyatkina N.B., Krae- 
vsky A.A., Bibilashvili R.Sh., Galegov G.A., Korneeva 
M.N, Nosik D.N, Maiorova S.N., Shobukhov V.M., Zh- 
danov V.V. 5'-Phosphonates of 2',3'-dideoxynucleosides. 
RF1548182, 1992; US5043437, 1991; EP0354246, 1994; Japan 
0354246 Bl, 1995; Korean 106957. 1996. 

14. Yurin O., Kravtchenko A., Serebrovskaya L., Golochvastova 
E., Burova N, Voronin E., Pokrovsky V. The phase 1 of the 
clinical trial of 'Phosphazid', the new reverse transcriptase in- 
hibitor [abstract]. 4th International Congress on drug therapy 
in HIV-infection; Glasgow, UK, 1998. V. 12. JYq 4. P. 240. 

15. Yurin O.G., Krayevsky A.A., Afonina L.Yu., Balaganin 
V.A., Burova N.V., Voronin E.E., Kolesnik A.N, Molodov I.B., 
Moshkovich G.F, Pokrovskii V.V. // Epidemiol. Infect. Dis. 
(Russian). 2001. V. 1. P. 43~45. 

16. Tarussova N.B., Khorlin A.A., Krayevsky A.A. Korny- 
laeva M.N. Nosik D.N, Kruglov N.B. Galegov G.A., Bea- 
bealashvili R.Sh. // Mol. Biol. 1989. V. 23. JYq 6. P. 1716-1724. 

17. Khandazhinskaya A., Matyugina E., Shirokova E. // Ex- 
pert Opinion. Drug Metab. Toxicol. 2010. V. 6. M> 6. P. 1-14. 

18. Krayevsky A.A., Tarussova N.B., Zhu Q.Y, Vidal P., Chou 
T.C., Baron P., Polsky B., Jiang X. J., Matulic-Adamic J., 
Rosenberg I., Watanabe K.A. // Nucleos. Nucleot. 1992. 

V. 11. JYq 2-4. P. 177-196. 

19. Tarussova N.B., Kukhanova M.K., Krayevsky A.A., Ka- 
ramov E.V., Lukashov W, Kornyalaeva G.V, Rodina M.A., 
Galegov GA. // Nucleos. Nucleot. 1991. V. 10. JYq 1-3. P. 351-354. 

20. Gosselin G., Perigaud C, Lefebvre I., Pompou A., Auber- 
tin A.M., Kern A., Azabo T, Stawinski J., Imbach J.L. // 
Antiviral Res. 1993. V. 22. JYq 2-3. P. 143-153. 

21. McGuigan C, Bellevergue P., Jones B.C.N.M., Mah- 
mood N., Hay A. J., Petrik J., Karpas A. // Antivir. Chem. 
Chemother. 1994. V. 5. P. 271-277. 

22. Machado J., Salomon H, Olivera M., Tsoukas C, 
Krayevsky A., Wainberg M. // Nucleos. Nucleot. 1999. V. 18. 
JYq 4-5. P. 901-906. 



23. Skoblov Yu., Karpenko I., Shirokova E., Popov K, An- 
dronova V, Galegov G., Kukhanova M. // Antiviral Res. 
2004. V. 63. JYq 2. P. 107-113. 

24. Kravchenko A.I., Salamov G.G., Bogoslovskaya E.V., Ser- 
ebrovskaya L.V., Sergienko O.G., Pokrovskii VV // Epide- 
miology and infectious diseases. 2001. JY°4. P. 32-35. 

25. Kravchenko A.V., Sitdykova Yu.R., Serebrovskaya L.V, 
Bogoslovskaya E.V, Ivanova L.A., Pokrovskii VV. // Infec- 
tious diseases. 2003. JYq 1. P. 14-19. 

26. Kravchenko A.V., Kanestry V.G., Gankina NYu. // Infec- 
tious diseases. 2011. JYq 4. P. 64-69. 

27. Gankina NYu., Kravchenko A.V, Kuimova U.A., Kan- 
estry V.G. // Infectious diseases. 2010. V. 8. JYq 1. P. 14-18. 

28. Panteleev A.M., Goliusova M.Yu, Kabanov VI. // HIV 
infection and immunosuppression. 2010. JYq 2. P. 75 -79. 

29. Ivanova E.S., Shmagel N.G., Vorobyova N.N. // Challeng- 
es in Virology. 2010. V. 55. JYq 2. P. 31-34. 

30. Ivanova E.S., Shmagel N.G., Vorobyova N.N. "Nikavir in 
Chemoprevention Regimens of Vertical HIV Transmission" 
in "Understanding HIV/AIDS Management and Care - 
Pandemic Approaches in the 21st Century". Edited by Fyson 
Hanania Kasenga, Publisher: InTech, DOI: 10.5772/24428. 

31. Pokrovskii W, Yurin O.G., Kravchenko A. V, Belyaeva W, 
Kanestry V.G., Afonina L.Yu., Ermak T.N., Buravtsova E.V, 
Shakhgildyan V.I., Kozyrina NV, Narsia R.S., Zimina V.N., 
Pokrovskaya A.V, Konov D.S., Goliusova M.A., Efremova O.S., 
Popova A.A. Protocols of outpatient follow-up and treatment 
of HIV-infected patients. Epidemiology and infectious dis- 
eases. Topical issues. Supplement. 2012. JYq 6. ISSN: 2226-6976. 

32. Khandazhinskaya A.L., Shirokova E.A., Karpenko I.L., 
Zakirova N.F, Tarussova N.B., Krayevsky A.A. // Nucleosides, 
Nucleotides & Nucleic Acids. 2000. V. 19. JYq 10-12. P. 1795-1804. 

33. Pokrovsky AG., Pronyaeva T.R., Fedyuk NV, Khanda- 
zhinskaya A.L., Shirokova E.A., Tarussova N.B., Karpenko 
I.L., Krayevsky A.A. // Nucleosides, Nucleotides & Nucleic 
Acids. 2001. V. 20. JYq4-7. P. 767-769. 

34. Khandazhinskaya A.L., Shirokova E.A., Jasko M.V, Yanvarev 
DV, Ivanov A.V, Pronyaeva T.R., Fedyuk N.V., Pokrovsky AG., 
Kukhanova M.K. // Collection Symp. Ser. 2002. V. 5. P. 93-98. 

35. Shirokova E.A., Jasko M.V, Khandazhinskaya A.L., 
Yanvarev DV, Skoblov Y.S., Pronayeva T.R., Fedyuk N.V, 
Pokrovsky A.G., Kukhanova M.K. // Nucleosides, Nucle- 
otides & Nucleic Acids. 2003. V. 22. JYq 5-8. P. 981-985. 

36. Shirokova E.A., Jasko M.V, Khandazhinskaya A.L., Ivanov 
A.V, Yanvarev D.V, Skoblov Yu.S., Mitkevich V.A., Bocharov 
E.V, Pronyaeva T.R., Fedyuk N.V, Kukhanova M.K., Pok- 
rovsky A.G. // J. Med. Chem. 2004. V. 47. JYq 14. P. 3606-3614. 

37. Kukhanova M. K. // Molecular Biology. 2012. V. 46. JYq 6. 
P. 860-873. 

38. Shirokova E.A., Khandazhinskaya A.L., Jasko M.V, 
Kukhanova M.K., Shipitsyn A.V, Pokrovsky A.G. Modi- 
fied 5'-phosphonate azidothymidine — potential anti-viral 
preparations. US Patent No: 7,999,099. EP1829885A1. 

39. Khandazhinskaya A.L., Yanvarev DV, Jasko M.V, Ship- 
itzyn A.V, Khalizev V.A., Shram S.I., Skoblov Y.S., Shi- 
rokova E.A., Kukhanova M.K. // Drug Metab. Dispos. 2009. 
V. 37. JYq 3. P. 494-501. 

40. Kukhanova M.K., Jasco M.V, Yanvarev D., Karpenko. 
I., Shipitzyn A.V, Khandazhinskaya A.L. // Nucleic Acids 
Symp. Ser. (Oxf). 2008. V. 52. P. 597-598. 

41. The results of preclinical studies are provided by "Pro- 
duction and commercial AZT Association" Ltd. 

42. Cato A. 3rd, Qian J., Hsu A, Levy B, Leonard J, Granne- 
man R. // Antimicrob. Agents Chemother. 1998. V. 42. JYq 7. 
P. 1788-1793. 



VOL.5 Ye 3 (18) 2013 | ACTA NATURAE | 61 



